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By Robert J. Huston 

Langley Research Center 


SUMMARY 


A flight investigation was conducted to study the handling qualities of a rudimentary 
hingeless rotor helicopter. The results indicate that the control characteristics were 
generally good with positive and precise pitch control. The roll control response w a s  
generally good but pilots objected to a pitch-due- to- roll angular-velocity coupling. The 
coupling was shown to be predictable and methods a r e  available to minimize the coupling. 
The hingeless rotor helicopter w a s  found to have positive maneuver stability and good 
damping of moderate gust disturbances up to the maximum speed obtainable. 

INTRODUCTION 

The problem areas  and advantages offered by the hingeless rotor helicopter con­
figuration a r e  being investigated by the NASA Langley Research Center. One a rea  of 
general interest is the potential improvement in flying qualities made possible by 
increased control moment per  degree of cyclic blade pitch and by a substantial increase 
in angular-velocity damping. An exploratory flight-test program utilizing a three-blade 
hingeless rotor installed on an OH-13 helicopter was made to study the potential improve­
ment in handling qualities and some of the problems associated with the system. 

The aircraft  utilized in this investigation is not an optimum design for a hingeless 
rotor helicopter inasmuch as it was  assembled almost entirely from existing articulated 
rotor parts. Some deficiencies in the overall handling qualities of the helicopter would 
be expected because of the rudimentary hardware used. Some limited experimental 
results obtained with this helicopter and an identical helicopter have been published in 
references 1, 2, and3.  

The present report  covers some measurements of control response characterist ics 
in hover and forward flight, comparison of hovering response characteristics with simple 
theoretical calculations, general characteristics, and pilot comments. The control 



response characteristics a r e  studied in detail in order to  explain the cross-coupling 
phenomenon which occurs during maneuvers with the hingeless rotor. 

Comments were obtained from several pilots, with experience ranging from 12 to 
20 years  of helicopter handling qualities evaluation. 

This report includes an appendix by Robert J. Huston and William J. Snyder which 
presents an analysis and discussion of the angular-velocity response of a hingeless rotor 
helicopter. 

SYMBOLS 

Measurements for this investigation were taken in the U.S. Customary System of 
Units. Equivalent values a r e  indicated herein in the International System (SI) in the 
interest of promoting the use  of this system in future NASA reports. 

A0 mean blade pitch angle at three-quarter radii, deg 

A1 coefficient of -cos I& in expression for 8,  positive for nose up at 
I& = 180°, deg 

a slope of curve of lift coefficient against angle of attack, per  radian 

a' angle between control axis and rotor resultant force vector in longitudinal 
plane, radians 

B1 coefficient of -sin + in expression for e, positive for nose up at 
I& = 270°, deg 

b' angle between control axis and rotor resultant force vector in lateral  
plane, radians 

CT rotor thrust coefficient, T 
a ~ 2 p  2(s~R) 

C blade chord, f t  (m) 

H gyroscopic moment proportional to angular velocity, positive pitching moment 
with positive rolling velocity for clockwise rotating rotor, lbf-ft/radian/sec 
(N- m/radian/sec) 

h vertical distance between aircraft  center of gravity and rotor hub, f t  (m) 
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IV 

IX 


IY 

MA 

MB 

MP 

MH,A 

MH,B 

M
x6X 

M 
"6Y 

M
Y6X 

MY6y 

blade mass  moment of inertia about virtual hinge, slug-ft2 (kg-m2) 

aircraft  mass  moment of inertia about body longitudinal axis, slug-ft2 
(kg-ma) (790 slug-ft2 (1071 kg-m2) in calculations) 

aircraft  mass  moment of inertia about body lateral axis, slug-ft2 (kg-m2) 
(1700 slug-ft2 (2305 kg-ma) in  calculations) 

longitudinal aircraft  moment, lbf-ft (N-m) 

lateral aircraft  moment, lbf-ft (N-m) 

damping moment proportional to and opposing rolling velocity, 
lbf -ft/r adian/sec (N- m/r adian/s ec) 

damping moment proportional to and opposing pitching velocity, 
lbf -ft/radian/sec (N- m/radian/sec) 

longitudinal hub moment for E = 0, positive for nose up moment, lbf-ft 
(N- m) 

lateral  hub moment for E = 0, positive for roll right moment, lbf-ft (N-m) 

rate of change of lateral  hub moment with respect to  lateral  stick dis­
placement, lbf-ft/in. (N-m/cm) 

rate of change of lateral  hub moment with respect to longitudinal stick dis­

placement, lbf-ft/in. (N-m/cm) 

rate of change of longitudinal hub moment with respect to lateral  stick dis­
placement, lbf-ft/in. (N-m/cm) 

rate  of change of longitudinal hub moment with respect to  longitudinal stick 
displacement, lbf-ft/in. (N-m/cm) 

rolling velocity, positive when rolling to right, radians/sec 

rolling acceleration, radians/sec/sec 

pitching velocity, positive when pitching nose up, radians/sec 
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pitching acceleration, radians/s ec/s ec 

rotor radius, f t  (m) 

thrust, lbf (N) 

time, sec 

airspeed, knots 


mass  constant of rotor blade (blade Lock number), pacR4
-. 
=V 

increment 


lateral  stick deflection, positive to right, in. (cm) 


longitudinal stick deflection, positive aft, in. (cm) 


control retardation angle, deg 


blade pitch angle at any azimuth position IC/, deg 

mass  density of air, slugs/cu f t  (kg/m3) 

rotor solidity, ratio of total blade a rea  to rotor disk area 

blade azimuth angle measured from downwind position in direction of 
rotation, deg 

rotor angular velocity, radians/sec 

cantilever first mode flapwise natural frequency of nonrotating blade, 
radians/sec 

Subscripts: 


A1 due to A1 


B1 due to B1 


P due to p 
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q due to q 

max maximum 

t r im t r im conditions 

TEST AIRCRAFT AND TEST PROCEDURE 

The test  aircraft, shown in figure 1, was assembled by replacing the teetering rotor 
on a standard Army OH-13G helicopter with a nonarticulated hub, and three slightly 
shortened OH- 13H helicopter metal blades. In addition, the stabilizer bar  and horizontal 
tail of the standard helicopter were removed. 

(a) General view of aircraft. L-62-6643 

Figure 1.- Hingeless rotor helicopter. 
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(b) Rotor hub and slipring assembly. 

Figure 1.- Concluded. 

L-62-6644 

The physical characteristics of the test aircraft, as modified, a r e  listed in the 
following table: 

Main rotor: 
Diameter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  31.66 f t  (9.65 m) 
Blade chord (constant root to tip) 11 in. (27.94 cm). . . . . . . . . . . . . . . . . . .  

Solidity, u . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.055 

NACA 0015Blade airfoil section . . . . . . . . . . . . . . . . . . . . . . . . . .  
Nominal tip speed . . . . . . . . . . . . . . . . . . . . . . .  588 ft/sec (179.2 m/sec) 
Blade twist, root to tip, deg . . . . . . . . . . . . . . . . . . . . . .  -7  

Blade Lock number. . . . . . . . . . . . . . . . . . . . . . . . . . .  3.85 

Aircraft: 
Nominal take-off weight . . . . . . . . . . . . . . . . . . . . . . .  2260 lbf (10 052 N) 
Longitudinal center of gravity, forward of rotor mast . . . . . . .  0.15 in. (0.381 cm) 
Vertical center of gravity, below rotor hub center 5 f t  (1.52 m). . . . . . . . .  

Roll moment of inertia . . . . . . . . . . . . . . . . . . . .  

Pitch moment of inertia . . . . . . . . . . . . . . . . . . .1700 slug-ft2 (2305 kg-m2) 


790 slug-ft2 (1071 kg-ma) 

The travel of the pilot's grip on the control stick was 11.5 inches (29.21 cm) along 
a circular a r c  for both longitudinal and lateral axes. Control springs provided a spring 
gradient of 1/2 pound per  inch (89 N/m) of travel of the pilot's grip in both axes. Both 
cyclic controls had light moving friction (less than 1/2 pound (2.224 N) at the pilot's 
grip), but movement of the lateral  control required approximately an additional 3/4 pound 
(3.34 N) to break the valve friction in the boost system. The cyclic control system was 
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that of a standard OH-13G helicopter except for a modification that provided mixing of 
the stick control inputs to the blade. The resulting cyclic feathering due to control 
mixing occurred as given in the following equations: 

AA1 = 0.926A6, + 0.538A% (1) 

AB1 = 0.482A6x - l.O34A% (2) 

The travel of the collective stick grip was 11 inches (27.94 cm) along a circular a r c  
and resulted in a collective pitch change of 110. The directional control system was 
standard for  an OH-13 helicopter. 

The rotor mast and transmission were standard OH-13G installations. The mast 
and transmission assembly sit in  dual trunnions with longitudinal and lateral  restraints 
provided by two rubber cushioned lower mast mounts installed 31.5 inches (0.8 m) below 
the trunnions. The center of the rotor hub is approximately 50 inches (1.27 m) above the 
trunnions. After initial flights with the standard mounts installed, both the longitudinal 
and lateral mounts were replaced with mounts having higher spring constants in order to 
change the effective pylon stiffness. The measured characteristics of the two se ts  of 
mounts a r e  listed in the following table: 

Limit longitudinal
travel 

Lower mast moun4Forward 1 

Stiff . . . . . . . . 0.50 1.27 0.75 1.90 
Standard . . . . . 0.30 0.76 0.13 0.33 

Limit latera1 
travel 

Right Left 

in. cm in. cm 

0.75 1.90 0.50 1.27 

Spring 
constant 

lb/in. N/m 

1205 211 030 
0.77 1.96 0.57 1.45 618 108 230 


The aircraft  was limited in performance; throughout the test program the helicopter 
was unable to hover out of ground effect because of the increased weight of test  instru­
mentation and the bulkyoverweight components used to make up the test vehicle. In addi­
tion, a power required increase w a s  obtained by adding a third blade and reducing the 
rotor radius. 

The task used to evaluate the handling qualities of the aircraft  included longitudinal 
and lateral  control steps, control pulses, and control reversals  throughout the speed 
range. Additional maneuvers were performed to identify any handling qualities problem 
a rea  not apparent in the previous test  maneuvers. These maneuvers were vertical auto-
rotation, autorotation at airspeeds up to 70 knots, partial power descents in the vortex 
ring state, maximum power climb through the speed range, and steep turns in  level flight 
and autorotation. 
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Some limited data were obtained after conclusion of the hingeless rotor flight tests 
with the teetering rotor installed on the test vehicle. The instrumentation used to  meas­
u r e  the handling qualities characteristics remained installed during the rotor change and 
were used throughout both portions of the test program. The data obtained with the 
teetering rotor helicopter include the effects of the standard horizontal tail and stabilizer 
bar that are normally installed. 

RESULTS AND DISCUSSION 

Hovering Control Response 

The handling qualities investigation with the hingeless rotor helicopter was directed 
toward determining the extent to which the increased angular-velocity damping and con­
trol  sensitivity contribute to an improvement in overall handling qualities. To a very 
great extent the much tighter response of the hingeless rotor helicopter was reflected in 
the pilots? willingness to  maneuver under marginal conditions. In spite of marginal 
hovering performance all pilots found that the aircraft could be maneuvered adequately 
near zero airspeed while very close to the ground. 

One adverse factor noted by the pilots, which became the subject of analytical exam­
ination, was a strong cross-coupling of the angular-velocity response between the pitch 
and roll axes. Inasmuch as the mechanism producing the angular-velocity cross­
coupling and the tight response are directly related, a discussion of the theoretical f irst-
order response is presented prior to  presentation of the measured aircraft response. 
The sources of the control and damping moments have been previously covered in refer­
ences 3 and 4.  

Response characteristics of a hingeless rotor. - The increased control and damping 
moment capability of the hingeless rotor is obtained by transmittal of once-per-revolution 
cyclic blade moments through the cantilever action of the blades to the rotor hub and to 
the aircraft. 

The first result of the cantilever action of the blades, from the control design 
standpoint, is that the desired control moment is obtained more closely in phase with the 
applied cyclic blade pitch than with a simple flapping rotor. (See shaded area in fig. 2.) 
The reduced phase lag occurs because the cantilevered blade is being forced at a fre­
quency slightly below the first bending mode natural frequency of the blade instead of at 
resonance, which is the case for a simple flapping rotor. The reduced phase lag of the 
hingeless rotor requires that the lead angle of the cyclic blade pitch be reduced (or 
retarded) from the 900 lead of the simple flapping rotor in order to  prevent direct control 
coupling. The initial rotor tip-path-plane tilt (and hub moment), in response to a control 
stick movement, is therefore in the direction of the stick movement when the correct 
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control retardation is used. In addition, 
the correct control retardation allows 
the changes in t r im stick position with 
airspeed to correspond to the required 
cyclic feathering of the rotor. That is, 
the required longitudinal and lateral 
cyclic pitch for a t r im condition is 
reflected by corresponding longitudinal 
and lateral stick travel. 

The second result  of the cantilever 
action of the blades is a gyroscopic 
coupling of the angular-velocity damping; 
the amount of coupling is a function of 
the cantilever mode frequency and 
damping. The damping coupling results 
in a combined pitch and roll response 
during transients from tr im condition to 

180
-f 	 Constant ratio 

c r i t i c a l  

Phase angle for 
120 simple napping  

Phase angle range 

for hingeless  

.5 1.0 1 .5  

Rotor r o t a t i o n a l  Speed 
Flapwise na tura l  frequency 

Figure 2.- Variation of response phase angle wi th  flapwise natura l  
frequency. 

steady-state pitch and/or roll ra tes  and in the direction of the steady-state angular 
velocities being different from the initial response direction (or initial d rec t ion  of tip­
path-plane tilt). Therefore, a pure pitch o r  roll maneuver would require a c ross  con­
trolling of longitudinal and lateral  stick position; the amount varies with time, even with 
the correct control retardation installed. For a specific blade design the damping 
coupling, when present, can only be eliminated by a control feedback device such as that 
suggested in reference 4;however, the direct coupling can be eliminated by building in 
the correct control retardation. 

The total action of the direct coupling and damping coupling can be best understood 
by an illustration. The calculated first-order response to a longitudinal and lateral 
l-inch (2.54-cm) step control input are given in figures 3(a) and 3(b), respectively. The 
calculated time histories a r e  based on the results presented in reference 3 and appen­
dixes A and B and are for hovering maneuvers without the effects of translational veloc­
ity (i-e., there  is no dihedral effect o r  speed stability). This result has been cross  
plotted in figure 4 with the pitching angular velocity plotted against rolling angular veloc­
ity. The arrows and symbols around the edge of figure 4 indicate the direction (combina­
tion of pitching velocity and rolling velocity) of the aircraft  response and can be identified 
as an aircraft  rotation about an axis that is perpendicular to some stated azimuth posi­
tion @ on the rotor disk. The end point of the calculated curves in figure 4 represents 
the steady-state pitching and rolling angular velocities shown in figure 3. 
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l ime,  seconds Time, seconds 

(a) Longitudinal step input. (b) Lateral step input. 

Figure 3.- Computed time histories of angular velocities result ing from step input  w i th  a comparison of 
the measured response of the hingeless rotor helicopter wi th  stiff mount installation. Hovering. 

Calculated response.- Without control retardation, a pure back stick control input._ 
results in maximum nose-up blade pitch occurring at the + = 90° blade position (direc­
tion 0,fig. 4). The resulting response, for  the test  aircraft without control retardation, 
is an initial tilt of the tip-path plane which theoretically occurs in the direction of the 
I) = 148O position (direction 0) e, or  approximately 58O after the maximum cyclic feath­
ering at  + = 900. Because the hub moment is applied to unequal body inertias (IY > Ix), 

1 

the initial angular acceleration of the aircraft occurs in the direction of the + = 1320 
position (direction 0). 

With the 27.5O of control retardation actually installed in the test aircraft, a pure 
nose-up longitudinal step control stick input results in maximum cyclic feathering 
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0 ~ - Calculated 
no control retardation 

0 Calculated 
21.5 degrees control retardation 

- .- - - - Measured 
27.5 degrees conlrol retardation 

I l i I I I i l t J 
. I2  .IO .08 .M .bz .A2 b .M .M .a .08 .10 .I2 

Right Left 
Rolling angular velocity. 

radians / sec 

Figure 4.- Calculated angular-velocity response to l - i n c h  (2.54-cm) longitudinal and lateral step 
with a comparison with measured hingeless rotor response. Direction of theoretical response to 
longitudinal step illustrated as 0,@ blade cyclic feathering input; @, @ ini t ia l  tip-path­
plane tilt; and @, @ ini t ia l  aircraft angular acceleration. Direction of theoretical response 
to lateral step i l lustrated as @, @blade cyclic feathering input; 0,6in i t ia l  tip-path-plane 
ti l t; and @, 6in i t ia l  aircraft angular acceleration. 

occurring at  Q = 117.50 (direction 0,fig. 4) instead of at Q = 900. The initial tilt of 
the tip-path plane theoretically occurs in  the direction of the Q = 1760 position (direc­
tion e),or  still 580 after maximum cyclic feathering, and the initial angular accelera­
tion of the aircraft  occurs in the direction of the = 171° position (direction e). 

The damping cross-coupling, for the case of no control retardation, will cause a 
resultant steady-state angular velocity in the direction of J /  = 173O position as illus­
trated by the end of the calculated curve in figure 4. With no control retardation, a 
noticeable reversal  of roll acceleration occurs, as evidenced by the reduction in  roll 
velocity. With the 27.5O control retardation actually installed in  the test  aircraft, the 
steady-state angular velocity theoretically occurs in the direction of the J /  = 200.5O 
position, o r  27.50 la ter  than without the control retardation. 

A similar theoretical response to a pure right roll step is also illustrated in fig­
u r e  4 for both no control retardation and 27.50 of control retardation. 
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Measured response.- For comparison with the theoretical response curves for the 
27.50 control retardation, the measured change in pitch and roll angular velocities for 
1-inch (2.54-cm) longitudinal and 1-inch (2.54-cm) lateral  "step" inputs is also plotted 
in figures 3 and 4. These resul ts  show reasonable agreement with the predicted 
response. In order to allow for the fact that the actual "step" was a ramp input taking 
0.3 to 0.4 second to complete, the theoretical step is arbitrarily commenced at 
t = 0.2 second in figure 3 to better distinguish the slope differences between the theoret­
ical and actual response. One characteristic apparent in both the theoretical (27.5O con­
trol retardation) and measured response curves is the overshoot in the roll response to a 
lateral step. 

The measured response curves presented in figures 3 and 4 a r e  for the stiff mast 
mount installation. A comparison of the theoretical response with the measured response 
with the standard mounts installed is given in figure 5. The previously discussed 

-Nose up. .@a 
Right 

Pitching 

.06 

+2
3 %  
& I 	:. 
$3  
< 

CalculatedI-.-= Measured 

Nose down. I I i l I l l 1 I I I I I I I I L L .
Lefl 

Time. seconds Time. seconds 

(a) Longitudinal step input. (b) Lateral step input. 

\ 

-

J 
I. 0 

Figure 5.- Computed time histories of angular velocities resultingfrom step input with a comparison of 
the measured response of the hingeless rotor helicopter with standard mount installation. Hovering. 
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tendency to overshoot the final steady-state angular velocity for  roll inputs was also 
found for the standard mount installation along with a general oscillation about both axes. 

Pilot evaluation . -of control response.- In the opinion of the pilots, the overall hov­
~~ 

ering control characteristics (control sensitivity and angular-velocity damping) were con­
sidered good. Pitch control was positive, precise, and not overly sensitive. 

The angular-velocity response to a roll control input appeared, to the pilot, to be 
oscillatory. The final rolling velocity reached was lower than expected, considering the 
high initial acceleration and the rolling velocity peak initially obtained. The oscillatory 
character and the overshoot tendency of the roll response was considered objectionable 
to the pilots. The valve friction in  the lateral  boost system did produce a tendency for 
lateral  overcontrolling to a moderate degree but it was not considered dangerous by the 
pilots. 

The gyroscopic coupling was considered undesirable. The pitching angular veloc­
ity produced by roll inputs was considered large and objectionable for any but gentle 
maneuvers, although i t  was considered controllable. Accurate control of the pitch atti­
tude during a rolling maneuver, however, was considered difficult by the pilots because of 
the large magnitude of the coupling. The roll angular velocity produced by a pitch input, 
for the test  aircraft, was considered by the pilots to be small  and not of any consequence. 

Discussion of pilot comments.- The overshoot tendency of the roll response of the-

test  aircraft, which is indirectly due to the gyroscopic coupling of the hingeless rotor, 
was amplified by overcontrolling due to boost-valve friction and an oscillation in the roll 
response. The roll oscillation, which was found present with the standard mast mount 
installation, was substantially reduced for small control movements when the stiff mounts 
were installed. (See figs. 3 and 5.) With large lateral  control movements, however, the 
lateral  oscillation is still excited about the mean rolling velocity (fig. 6). The nonlinear 
character of the oscillation appears to be due to extending the lower mast mounts to their 
limit travel. In addition, cyclic control washout due to mast bending, as noted in refer­
ence 1, will provide an oscillatory control input at the natural frequency of the mount 
installation. Each of these t e rms  (gyroscopic coupling, pylon frequency, nonlinearity, 
and control washout) contribute to the oscillatory character and overshot tendency at the 
roll response which was considered objectionable to the pilots. The significance of each 
of these terms, for future designs, will have to be individually assessed. 

The gyroscopic coupling was found to be undesirable because of the high coupled 
pitching acceleration resulting from a roll control input. A comparison of the time 
histories for the hingeless rotor (figs. 7 and 8) and the teetering rotor helicopter (fig. 9) 
shows that the ratio of the steady-state angular-velocity coupling p/q is nearly the same 
for  the two aircraft. The t ime constant of the coupled angular-velocity response of the 
hingeless rotor, however, is shorter  than that of the teetering rotor response, and the 
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Right 501 

l ime, seconds 

Figure 6.- Time history of angular velocities result ing from rapid ro l l  reversal maneuver where 
pilot attempts to control pitch cross-coupling response. Hovering. Hingeless rotor helicopter 
wi th  stiff mount installation. 
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Figure 7.- Time histories of angular velocities result ing from step control input. Hovering. 
Hingeless rotor helicopter with stiff mount installation. 
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Figure 8.- Time histories of angular velocities result ing from step control input. Hovering. 
Hingeless rotor helicopter wi th  standard mount installation. 
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Figure 9.- Time histories of angular velocities result ing from step control input. Hovering. 
Teetering rotor. 
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angular acceleration of the coupled velocity is higher. It appears that this shorter t ime 
constant is the basis for the undesirable evaluation of the hingeless rotor coupling by the 
pilots. The smaller time constant and high angular acceleration of the coupled velocity 
a r e  particularly apparent in figure 6 where, during a rapid roll reversal, the pitch input 
by the pilot is insufficient to arrest the coupled pitching velocity and the pilot tends to 
overcorrect and get out of phase. It was noted in  reference 5 that the pilot, in an inves­
tigation of gyroscopic coupling, rates the ratio of pitch acceleration to roll velocity u p  
(the maximum value of q obtained divided by the steady-state value of p) rather than 
the magnitude of.the cross-coupling moment H. In the case of the hingeless rotor the 
pilot is also rating g p ,  although it should be noted that the response of the test aircraft  
includes the effect of an insufficient amount of control retardation and therefore there is 
a direct coupled response as well as a gyroscopic coupled response. The direct  coupling 
is apparent in figures 3 and 4 as the initial direction of the calculated coupled angular 
velocities. 

The pilots' acceptance of the pitch coupling occurring with a roll input is in agree­
ment with the results of reference 5. The range of coupling for the investigation of ref­
erence 5 is given in the following table, along with the value of coupling where, in the 
pilots' opinion, the controllability of the coupling became marginal. The computed cross­
coupling of the hingeless rotor is presented fo r  comparison in the following table: 

IPitch due tc Roll due to 
roll pitch 

H/Ms 
Upper limit of parameters investigated 1.40 3.93 1.05 0.841 

in reference 5 

Value of parameters where pilot rated 0.22 0.617 Marginal 
controllability marginal for steep limit 
turns and roll reversals in not 
reference 5 reached 

~ 

Computed parameters for hingeless 3.53 0.46 7.60 0.46 
rotor helicopter 

The ratio of cross-coupled damping moment to inertia H/Ix was used in reference 5 as 
the primary variable under consideration. However, i t  was pointed out that the direct 
damping in the axis of the coupled response will alter the pilot's acceptability of the 
coupled response. A comparison of the computed ratio of gyroscopic moment to damping 
moment (H/Mp or H/Mq) of the test  aircraft with the results of reference 5 indicates 
that these ratios a r e  below the range investigated in reference 5. (See preceding table.) 
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The ratio of gyroscopic moment to roll damping moment H/Mp of the test  aircraft  is 
substantially below that investigated in reference 5 and caused no difficulty for any maneu­
ver task. The ratio of gyroscopic moment to pitch damping moment H/Mq of the test  
aircraft  is slightly below the value found to result in marginal control. (See preceding 
table.) It appears that the undesirability of this amount of coupling on the hingeless rotor 
is due to the increased initial acceleration of the coupled pitch response of the hingeless 
rotor with perhaps some additional deterioration in handling qualities because of the 
direct cross-coupling. 

The pilots noted that, in rolling maneuvers, the final steady rolling velocity reached 
was always lower than expected. This result is partially due to the overshoot related to 
the cross-coupled damping; however, the dihedral effect is a more significant influence. 
The dihedral effect (and speed stability), in te rms  of moment-to-body-inertia ratio, is 
increased over that of an articulated rotor by the same ratio as the control moment per 
degree of cyclic blade angle. The high dihedral effect results in a reduction of rolling 
angular velocity (see figs. 3 and 7) within the first second after a roll control input. 
While not separately discernible to the pilot, the dihedral effect also results in an increase 
in the coupled pitching velocity due to the direct coupling. (That is, the dihedral effect 
acts as a lateral cyclic pitch change where the resultant hub moment occurs approximately 
5 8 O  in azimuth position after the effective cyclic pitch change.) Therefore, a left rolling 
moment induced by the dihedral effect will be coupled with a nose-down moment. (See 
fig. 4 curve with no control retardation.) This action is also present in a pitch maneuver, 
but the speed stability, in te rms  of moment-to-body-inertia ratio, is l e s s  than half of the 
dihedral effect because the body pitching moment of inertia is greater than twice the body 
rolling moment of inertia. The direct coupling associated with speed stability and dihe­
dral  effect can only be eliminated by some type of control feedback device. 

Forward Flight Control Response 

The response of the hingeless rotor test  aircraft  to longitudinal and lateral step 
control inputs at approximately 65 knots is presented in figure 10 for the stiff pylon 
mounts and in figure 11 for the standard pylon mounts. Similar response characteristics 
for the two-bladed teetering-rotor H-13 a r e  presented in figure 12 for comparison. For 
both levels of mast mount stiffness the time history of the normal acceleration to a pull­
and-hold maneuver appears concave downward within approximately 2 seconds. A short-
period oscillation appears to be slightly more pronounced for the stiff pylon installation 
than for the standard mounts with the pull-and-hold maneuver. The response to a lateral  
step input with both mount installations has the characteristic initial roll overshoot which 
was found objectionable to the pilots for hovering. The overshoot characteristic was also 
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considered objectionable by the pilots in forward flight. The oscillatory roll response, 
as in hovering, again appears more prominent for the standard mounts than for  the stiff 
mounts. 
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(a) Longitudinal step input. (b) Lateral step input. 

Figure 10.- Time histories of normal acceleration and angular velocities result ing from step control 
inputs in forward flight. Hingeless rotor helicopter wi th  stiff mount installation. 
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(a) Longitudinal step input. 

Figure 11.- Time histories of normal acceleration and angular velocities resulting from step control input i n  
forward flight. Hingeless rotor helicopter with standard mount installation. 
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(b) Lateral step input. 

Figure 11.- Concluded. 
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(a) Longitudinal step input. (b) Lateral step input. 

Figure 12.- Time histories of normal acceleration and angular velocities result ing from step 
control input  in forward fl ight. Teetering rotor. 
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The cross-coupled pitch response to  
a roll control input is objectionable to the 
pilot. The pitch up with a left roll (and 
pitch down with a right roll) resulted in 
unde sirably large normal- acceleration and 
flight-path changes i f  control correction 
was not applied. As in hovering, the pilots 
considered that accurate control of the 

20""i,
pitch attitude during a rolling maneuver 

r 

-.. 

Left .2 

ly 
 -
Longitudinal 

Time, seconds 

Figure 13.- Time histories of normal acceleration and angular 
velocities resul t ing from longitudinal step control input  in for­
ward flight. Hingeless 'rotor helicopter wi th  standard mount 
installation. 

was difficult because of the large magni­
tude of the coupling. A measure of the 
discomfort of the roll step maneuver to the 
pilot is seen in figures 10(b) and l l (b)  
where, when attempting to measure the 
response without applying a pitch correc­
tion, the pilot tends to correct gently with 
the longitudinal control for the buildup in 
normal acceleration and pitch rate  
(fig. 10(b)) or allows it to build to  a magni­
tude where he feels that the pitch rates 
must be reduced (fig. l l(b)).  The use of a 
longitudinal stick force bobweight 
(14 pounds per  g (62.3 N per  g)) which 
could be engaged by the pilot if desired, 
did not appreciably affect the pilot's opin­
ion of the cross-coupled response to roll 
control inputs. 

As was the case for hovering maneu­
vers  previously noted, the coupling of roll 
with pitching velocity in  forward flight was 
considered by the pilots to  be of negligible 
magnitude. 

Maneuver Stability 

The data obtained show that the hinge-
less  rotor helicopter had positive maneuver 
stability throughout the speed range. (For 
example, see figs. 10, 11, and 13.) The 
requirements of reference 6 specify that 
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acceptable maneuver stability shall be 
demonstrated by a normal accelera­
tion time history that is concave down­
ward within 2 seconds after a rearward 
displacement of the longitudinal control 
stick. The requirement is met for  the 
stiff mount installation (fig. 10) and 

? 	 nearly met for the standard mount 
installation (figs. 11 and 13) with the 

< 	 test aircraft. All pilots considered that 
the maneuver stability obtained with the 
stiff pylon installation w a s  adequate 
throughout the speed range. Only one 
pilot, during his limited evaluation, con­
sidered the soft pylon installation to pro­
vide unacceptable maneuver stability. 
The single adverse comment may be 
attributed to the fact that slightly over 
2 seconds were required for the normal 
acceleration to be concave downward 
during his test  maneuvers at the highest 
airspeeds, as is shown in figure 13. The 
main significance of these results is that 
positive maneuver stability can be 
obtained with a hingeless rotor without 
the addition of stability devices, although 
the degree is affected by the pylon 
stiff ness. 

In forward flight, at airspeeds up 
to  the maximum obtainable with the air­
craft in level flight, the damping of 
moderate gust disturbances w a s  con­
sidered good by the pilots. The response 
of the aircraft  to longitudinal and lateral  
control pulses at approximately 65 knots 
is illustrated in figure 14 for the stiff 
pylon configuration. No large amplitude 
oscillations occur, although the short 
period oscillation that is evident appears 
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0 - - - - /rLa'eralI. 
-

/ 

Forward, I , 
Left I 2 3 4 5 6 

Time. seconds 

(a1 Longitudinal pulse input. 

Figure 14.- Time histories of normal acceleration and angular veloc­
ities result ing from pulse control input during forward flight. Hinge-
less rotor helicopter wi th  stiff mount installation. 

25 

1 



I I-Ill 

Right '7 

Nose 
down . 2  1 , , I 

Right 

Rearward' 501 

Forward, 50oL
2Left 3 4 5 

l ime,  seconds 

(b) Lateral pulse input. 

Figure 14.- Concluded. 

to be only moderately damped. 
The slight cross-coupling between 
the pitch and roll oscillations does 
not appear to be a problem to the 
pilot. 

Speed Stability 

The longitudinal and lateral 
stick position with airspeed a r e  
presented in figure 15 for several 
values of aircraft engine power, 
each with constant collective pitch 
and rotor speed. The figure shows 
that the aircraft possessed posi­
tive speed stability above approxi­
mately 20 knots (i.e., increasing 
trim airspeed requires a more for­
ward stick position at constant 
power). The pilots termed this  
degree of speed stability as ade­
quate. The slight lateral displace­
ment of the stick for tr im through 
the speed range was  not apparent 
to the pilot. 

The hingeless rotor helicop­
t e r  still requires substantially the 
same cyclic pitch variation with 
airspeed, at tr im conditions, as the 

I 

6 7 8 	 articulated rotor helicopter. The 
variation of blade cyclic pitch and 
collective pitch for the hingeless 
rotor helicopter is presented in 
figure 16 as derived from the tr im 
stick positions using equations (1) 
and (2). 

26 




... . . .... 

t 
Lef t  50 I I 1 I I I 1 w 

Power for V = 
< 

. _ _ _ _  0 knots 

Rearward 50 - _ _ - _ _ - 27 knots 
-45 kno t s  

66 knots 

0 

Airspeed, knots 

Figure 15.- Variation of longitudinal and lateral stick position wi th  airspeed for four values of constant power. Hingeless rotor helicopter. 

General Comments 

The "tight" control response available with the hingeless rotor helicopter w a s  gen­
erally recognized by pilots as resulting in an improvement in overall handling qualities 
even though the pitch-roll cross-coupling w a s  termed objectionable by the pilots. It 
should be noted, however, that methods a r e  available to remove this objectionable problem 
area; for example, a device to sense the damping coupling and cancel out i ts  effects, as 
suggested in reference 4. The effect of variations in blade Lock number on the control 
response characteristics of a hingeless rotor helicopter is discussed in appendix C. 

An additional result of this investigation is qualitative confirmation and extension of 
the results of reference 5 regarding the effects of gyroscopic cross-coupling. 

One potential handling qualities problem area that needs further definition is the 
effect of the structural stiffness of the rotor blades, the control system, the hub, and the 
rotor pylon and its mounting. The significant differences in both maneuver stability and 
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Figure 16.- Variation of blade cyclic pitch and collective pitch wi th airspeed. Hingeless rotor helicopter. A, at 0.75 R. 

oscillatory characteristics due to changes in the pylon stiffness indicate that cautious 
design efforts a r e  required in this a r ea  to obtain good handling qualities. 

During the flight investigation, the hingeless rotor helicopter was maneuvered 
throughout the available speed range including vertical autorotation, autorotation at air­
speeds up to 70 knots, partial power descents in the vortex ring state, maximum power 
climb through the speed range, and steep turns in level flight and autorotation. No 
handling qualtities problems associated with the hingeless rotor configuration were 
apparent other than those previously described. 

CONCLUSIONS 

The results of an exploratory handling qualities investigation of a rudimentary 
hingeless rotor helicopter indicate the following conclusions: 

1. The overall hovering control characteristics (control sensitivity and angular-
velocity damping) were considered good. Pitch control was positive and precise. The 
overshoot tendency of the roll response was considered objectionable to  the pilots. 
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2. The most objectionable characteristic of this simple hingeless rotor helicopter 
was the pitching angular velocities produced by roll control inputs. Analysis indicates 
that it is the high coupled pitching acceleration that was bothersome to the pilots during 
hovering maneuvers, with the attendant normal acceleration and flight-path changes 
becoming bothersome to the pilots in forward flight. 

3. The test  aircraft, without stabilization devices o r  a horizontal tail, had positive 
t maneuver stability up to  the maximum speed obtainable. 

4. Damping of moderate gust disturbances throughout the speed range was con­
sidered good by the pilots. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Station, Hampton, Va., January 26, 1966. 
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APPENDIX A 

ANGULAR-VELOCITY RESPONSE OF A HINGELESS ROTOR HELICOPTER 

By Robert J. Huston and William J. Snyder 

For a simultaneous two-axis displacement-and-hold type of control input, the equa­
tions of motion about the lateral and longitudinal axes, respectively, for  an aircraft  with t 

direct control coupling and gyroscopic cross-coupling are:  

Mq H (MY 6y)i, + - q - - p = 6 x p ) + 6  y ’ yIY IY 


The solutions to equations (Al) a r e  given by the following two equations for the initial 
conditions of p = q = 0 when 

MP Mq 4H2 2 o(G-TJ-E 

H2 -k MpMq 

+ tiyR]+ cosh(k$?)l..p(- i B g  + Fxk) [$sinh(i@]exp(- B) (A2b) 

where 
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when e-?Y-­4H2 
IXIY 

0, t h  solutions to equations (Al) are given by 

P =  
H2 +MpMq H2 + MpMq 

- tan-l  @]exp(- �$ + lxp)-B + 6 y k ]  [-&sink@lexp(- \ B) (A3b) 

where 

At t = 00, equations (A2) and (A3) simplify to 

P, = 6, ( A 4 4  

The longitudinal stick displacement required to t r im the final pitching velocity to 
zero during a steady-state rolling maneuver, determined by setting equation (A4b) equal 
to  zero, is 
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and in a similar manner, the lateral  stick displacement required to t r im the final rolling 
velocity to zero during a steady-state pitching maneuver is 

For the case of no direct control coupling (My6, = M,6y = 0) and for a single axis 

control input, the ratio of final angular velocities obtained from equation (A4) is 

for 6y = 0 

and for 6, = 0 
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APPENDIX B 

COMPUTED CHARACTERISTICS OF THE HINGELESS ROTOR OH- 13 HELICOPTER 

For the hingeless rotor OH-13 helicopter, the cyclic pitch input due to longitudinal 
and lateral stick motion, with control retardation, can be written as 

The ingredients for the equations of motion of appendix A (eqs. Al) may be written as 

33 




MH, 

g 

APPENDIX B 

The value of the hub moment increments in equations (B2) to (B8) is calculated by using 
the procedures of references 3 and 4 for y = 3.85 and wlNR/S2 = 0.185 and is pre­
sented in figures 17 and 18. The direct hub moment increments a re  increased to account 
for thrust vector tilt due to cyclic pitch and thrust vector lag due to pitching and rolling 
velocities. For these calculations, the thrust vector tilt and lag were considered to be 
100 percent effective; that is, there was no reduction in tip-path-plane tilt or following 
rate due to rotor flapping stiffness. The complete moment increments, including the 
effect of thrust vector lag and tilt, a r e  known from the following equations: 

Th 

A1 

A(%)Al = A r H 9 $ )  

IV' IV' A1 

when 

- = - -Ab' 27 (1.0 - 0.29
P Y' 

= A( IVJq +%pi?)A 

when 

A a '  = - z ( l . 0  - 0.29
Y' 
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A($), = A( M ~ , 
I,,), B 

MH,A 
= A( IVJP 

The computed hub moment increments with respect to cyclic pitch and pitching and rolling 
velocities are presented in the following table: 

_ _  
Contribution due to direct hub moment Ingredients for equations (B2) to (B8)(figs. 17 and 18) 

Arv:F)B1 = 0.155 = 0.155 

AC:AF)A1 = 0.210 A ( S ) A l  = 0.250 

A r S )  = -0.210 A ( S ) B l  = -0.250 

B1 

A r H 7 t )  = 0.155 
IVn A1 

A("Itr."), = -1.60 A($)p = -1.73 

A C F f ) q  = -1.60 A - = -1.73 

A::$), = 0.80 

A(::$)p = -0.80 A - = -0.80 
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APPENDIX C 

EFFECT OF BLADE MASS CONSTANT (LOCK NUMBER) 

ON THE CONTROL RESPONSE CHARACTERISTICS 

OF A HINGELESS ROTOR HELICOPTER 

It became apparent during the analysis for this paper that the design choice for  a 
value of the blade Lock number is a factor which may significantly affect the handling 
qualities of a hingeless rotor helicopter. The blade Lock number is the ratio of blade air 

pacRforces  to blade mass  forces (-Iv4)
. An increase in blade weight, other factors being 

held constant, results. in a reduction in blade Lock number. 

The effect of combinations of blade Lock number and blade stiffness on the nondi­
mensional rotor hub control moment per  unit of cyclic pitch and damping moment per  
unit of aircraft  angular velocity is presented in figures 17 and 18. These two figures a r e  
reproduced from reference 3 and are the source of the ingredients for equations (B2) to 
(B8). Current cantilever blade designs have a nonrotating flapwise frequency ratio 
olNR/S2 on the order of 0.2 and there is little variation between designs. The range of 
Lock numbers at standard air density, however, varies from values below 4 to more 
than 8. 

The data of figure 17 can be used to show that there is little effect of a change in 

blade Lock number on the total control moment 

available for  the normal values of flapwise natural frequency. However, a reduction of 
blade Lock number from a value of 8 to 4, for example, results in a substantial increase 
in the coupling moment. This increased coupling would require a corresponding increase 
in the required control retardation angle previously discussed. It should be noted that a 
change in  blade Lock number thereby results in a different level of the ratio of damping 
to critical damping, where the damping referred to  is the damping of the first flapwise 
mode of the blade. 

The effect of a reduction in blade Lock number on the aircraft  angular velocity 
damping is shown in figure 18. The direct damping moment is substantially increased 
with a reduction in blade Lock number from 8 to 4, for example. An adverse effect, how­
ever, is the increase in the damping moment te rm that produces a gyroscopic control 
coupling from essentially zero to  approximately half of the direct damping moment. 
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Figure 18.- Effect of blade Lock number and blade stiffness on rotor hub damping moments. Three blade rotor. 

37 




APPENDIX C 

The rudimentary nature of the hingeless rotor helicopter used in this flight inves­
tigation resulted in a particularly unfortunate choice of blade Lock numbers (y = 3.85). 
The dynamics associated with a Lock number this small  can be expected to  present a 
much more serious gyroscopic coupling problem to a pilot than a rotor with a blade Lock 
number of 8.0, for example. 

An even more important point for consideration in  future designs is the effect of 
density altitude on control characteristics and control response. The blade Lock number 
is directly proportional to the mass density of the air. Therefore, large variations in 
operating density altitude, which may be expected of turbine powered helicopters under 
operational use, can result both in severe direct cross-coupling and in severe gyroscopic 
coupling at altitudes even if these effects a r e  not present at standard air density. It 
appears that in order to eliminate completely all coupling effects accompanying changes 
in density altitude, special provision would have to be made to vary control retardation 
with density altitude and to provide some type of feedback device which is sensitive to  
aircraft  angular velocity. A design giving zero coupling at some intermediate altitude 
may minimize the effects at  both extremes of altitude sufficiently for many applications 
and minimize the requirements for special devices in other cases. 

The equations of motion presented in appendix A may be used to study the effects of 
density altitude in order to minimize the handling qualities problems presented by the 
cross-coupled response of a hingeless rotor helicopter. 
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